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ABSTRACT 
 

The GaInP2/GaAs/Ge monolithic high efficiency triple junction cell is the state of 

the art multi-junction solar cell for space applications. Numerous labs have undertaken 

investigation into the stability of GaInP2/GaAs/Ge in response to electron radiation. 

Electron radiation experiments have shown that the degradation of GaInP2/GaAs/Ge solar 

cells is mainly caused by a decrease of the short circuit current (ISC). The investigation 

and interpretation of the damage mechanism from electron irradiation in Spectrolab�s 

GaInP2/GaAs/Ge triple junction cell is the purpose of this thesis.  Current voltage 

characteristics were measured to establish beginning of life (BOL) parameters of the solar 

cells and the changes that occur due to irradiation (EOL). 
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EXECUTIVE SUMMARY 
 
 

The GaInP2/GaAs/Ge monolithic high efficiency triple junction cell is the state of 

the art multi-junction solar cell for space applications. The purpose of this thesis is to 

investigate and interpret the displacement damage mechanisms Spectrolab�s 

GaInP2/GaAs/Ge experienced due to electron irradiation. Other electron radiation 

experiments have shown that the degradation of GaInP2/GaAs/Ge solar cells is mainly 

shown as a decrease of the short circuit current (ISC). Current voltage characteristics were 

performed to establish beginning of life (BOL) parameters of the solar cells and the 

changes that occur due to irradiation (EOL).  The complete irradiation of the test cells 

was not accomplished because the LINAC is currently not operational.  This summary 

will include a description of procedures that were accomplished. 

The solar simulator used in this research was an Optical Radiation Corporation 

model SS-1000.  The SS-1000 uses a xenon bulb that closely approximates the spectral 

distribution of sunlight under Air Mass Zero (AM0) conditions.  AM0 is the spectral 

irradiance that solar cells experience in space.  The entire simulation and test set-up 

consists of the SS-1000, a Hewlett-Packard programmable power supply (HP 6626A), 

vacuum assisted/ temperature controlled brass test block, and a personal computer with 

an HP-IB interface card running LABVIEW software. Figure 1 shows the experimental 

set-up. 

Calibration of the SS-1000 was accomplished by adjusting the spectral intensity 

of the simulator to reproduce the characteristic values of the reference cell.  The reference 

cell used was a GaInP2/GaAs/Ge cell manufactured by Spectrolab.  The cell was chosen 

to match the spectrum of cells being investigated in this thesis. 
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A Pentium based personal computer (PC) provided experiment control using the 

LabView� Version 5.0 software.  LabView� is a virtual instrumentation program that 

allows precise control of the represented test instrument.  The SS-1000 illuminates the 

cell under test.  The test cell�s output voltage and current were measured at each interval 

and stored in a data file.  The characteristic current and voltage curves were generated 

from this data.      

Analysis of current-voltage (IV) characteristics is the method that will be used to 

evaluate and interpret the radiation effects on Spectrolab�s GaInP2/GaAs/Ge triple-

junction cell.  Figure 2 shows a characteristic curve for a solar cell.  The IV Curves were 

measured at (BOL) and after (EOL) irradiation.  Solar cells are characterized by 

quantities extracted from the cells� current-voltage (IV) curve. Open circuit voltage (VOC) 

is the threshold up to which the junction will power an electrical load.  Short circuit 

current (I SC) is the current value at zero bias. Maximum current and voltage (Im, Vm ) are 

the values for I and V when most power is delivered.  The fill factor (FF) is a measure 

how efficient the power extraction is. The fill factor is defined as: FF= [P M/(V OC x I SC)] 

x 100. The conversion efficiency, defined as: Efficiency= P M/(135.3 x A).  Where 135.3 

mW/cm2 is the solar constant at AM0 and A is the surface area of the cell in cm2. 

 

 

Figure 1.  Solar Simulation System. 
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The NPS LINAC was used to simulate the electron radiation environment.  The 

initial test plan was the cells were to be irradiated with 90 Mev electrons and total fluence 

of 1x1015 electrons/cm2.  The electrical characteristics were to be measured at intervals of 

1x1014 electrons/cm2 of irradiation. These characteristics were to be plotted as curves of 

electrical degradation vs fluence.  Due to the LINAC malfunctioning, the irradiation was 

not completed.  There was data for only one value of fluence at 5x1014 electrons/cm2.  

The irradiation data is presented in Table 1.  This type of degradation is representative of 

damage solar cells would experience when the cells transverse the outer Van Allen belt 

where the electrons energies are higher and more dynamic. 

VOC1 (V) VOC2 (V) Ratio ISC1 
(mA/cm2) 

ISC2 
(mA/cm2) 

Ratio 

2.5748 2.4083 .935 14.77124975 13.39375 .906 
      
FF1 (%) FF2 (%) Ratio η1 η2 Ratio 
86.48925 81.72 .94 24.3 19.5 .802 

 

 

Figure 2.  Characteristic IV Curve. 

Table1.  IV Test Results for BOL and EOL. 



 xviii 

In order to make a conclusive determination concerning the degradation experienced the 

complete irradiation of the test cells must be completed.  However this thesis does serve 

as a good reference for basic solar cell theory, multi-junction theory, and solar cell 

irradiation and test procedures. 
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I. INTRODUCTION 

In the 1980's, GaAs-based cells replaced silicon as the technology of choice for 

critical space missions requiring high operating power. GaAs radiation hardness led to 

this trend.  Optimization of the technology led to efficiencies around 18.5%.  Since the 

early 1990s, space photovoltaic (PV) power system requirements have increased by 

approximately 400%.   This is due to the growing complexity and length of the space 

missions and the worldwide proliferation of satellite-based communication systems.   

Modern spacecraft such as NASA's Deep Space 1 (DS1) requires more electrical 

energy to run increasingly complicated and diversified payloads for the length of its 

mission.  Several communications satellites have been launched with a total power in 

excess of 40 kW. The high power allows for more transponders, which translate to higher 

performance.  Thus the system can support complex on-board activities such as digital 

signal processing. 

The challenge for space PV power system designers is to create the space solar 

cell technology to generate the required power throughout the mission of the spacecraft 

or satellite.  The ideal space solar cell has the following characteristics:  

• high efficiency because available area and weight are extremely limited.  
• good radiation tolerance to damage from natural radiation belts, and possibly from  

man-made sources. 
• temperature control since the only heat loss is by radiation. 
• tolerance to extreme UV radiation, to atomic oxygen degradation (in LEO), and to 

electrostatic damage from charged particle build-up. 
• robustness and high reliability, especially when exposed to many cycles of severe 

temperature excursions 

Space PV power system designers have two options available to increase the 

power from solar arrays either they increase the total array area, or use solar cells with 

higher conversion efficiency.  The latter is the logical choice because the real estate 

allocated to space PV power systems is inherently small.  Multi-junction solar cells are 

the solution.   

Multi-junction solar cells are multiple band-gap semiconductor devices that take 

advantage of the sun�s broad spectrum.  The structure of the device is such that the 
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semiconductor materials are arranged in descending band-gap order.  Because of this 

arrangement, fewer incident photons are lost in the form heat resulting in a more efficient 

device. The commercially available multi-junction cells are made from III-V materials.  

However, there is increasing research on using II-VI materials. Figure I-1 shows a 

schematic of a multi-junction cell. 

 
Figure I-1.  A multi-junction device is a stack of individual single-junction cells in 
descending order of band gap (Eg) [From: Ref. 30: pg 2]. 

 

The characteristics of space power solar cells were discussed.  The most critical 

characteristic is the radiation hardness of the device.  The space radiation environment 

degrades the long-term performance of the solar cell. Designers have to create a system 

whose end of life (EOL) power, the power after radiation degradation, still meet the 

minimum power requirement of the system at missions end.  So, it is critical that the 

radiation affects on the solar cell performance is understood.  This thesis will investigate 

the radiation effects on multi-junction solar cells. 

Chapter II will discuss the radiation environment and its affects on solar cells.  

Chapter III describes the NPS Linear accelerator (LINAC), the radiation source used in 

this thesis.  Chapter IV examines the semiconductor physics of solar cells.  Chapter V 
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describes the multi-junction solar cell.  Chapter VI is the experimental section that 

examines the radiation effects on the test cell, and Chapter VII is the conclusion. 
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II. SPACE RADIATION ENVIRONMENT 

A. INTRODUCTION 

The radiation environment in space depends strongly on location, and is 

composed of a variety of particles with widely varying energies and states of ionization.  

For this discussion we will discuss the space environment in terms of the natural 

occurring space radiation (Van Allen belts, solar flares, and galactic cosmic rays) with 

the understanding that designers are aware of enhanced space environments.  Military 

satellites are susceptible to a nuclear enhanced space radiation environment.   

Satellites often operate in the space environment for many years. As a result solar 

cells can sustain long-term exposure effects. The amount of exposure depends on their 

altitude, the nature and trajectory of the mission. 

1. Solar Wind. 

The high temperature of the Sun's corona allows solar protons and electrons to 

gain enough velocity to escape the gravitational attraction of the sun. The continuous 

outward flow of hot protons and electrons is called the solar wind.   The solar wind 

causes the Earth's magnetic trapping region facing the sun to be hemispherical.  The solar 

wind affects the daylight side of Earth. Van Allen belts result when the Earth catches 

electrons and protons gyrating around magnetic field lines.  

 
2. Van Allen Radiation Belts. 

The primary cause of degradation to solar cells is caused by repeated traversals of 

the Van Allen radiation belts. The radiation or van Allen belts are the trapping regions of 

high-energy charged particles surrounding the Earth. The inner belt is located between 

about 300-6400 km above earth in the equatorial plane.  It contains primarily protons 

with energies exceeding 10 MeV [Ref. 1 pg 5.1-5.9].  As a result of the offset between 

the Earth�s geographical and magnetic axes, the inner belt reaches a minimum altitude of 

about 250 km above the Atlantic Ocean off the Brazilian Coast [Ref. 1 pg 5.1-5.9].  This 

region is called the South Atlantic Anomaly. 
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     The outer belt contains mainly electrons with energies up to 10 MeV. It is 

produced by injection and energizing events following geomagnetic storms, which makes 

it much more dynamic than the inner belt (it is also subject to day-night variations). It has 

an equatorial distance of about 3 - 9 Earth Radii Re, with maximum for electrons above 1 

MeV occurring at about X = 4 Re [Ref. 1 pg 5.1-5.9].  Figure II-1 depicts the Van Allen 

belts. 

 
 

 
 

Figure II-1.  Schematic Diagram of the Earth's Van Allen Belts [From: Ref. 2: pg 
203]. 

3. Solar Flares  

Solar flares are another important source of ionizing radiation particles 

particularly protons.  Sunspot activity follows an approximate 11-year cycle.  The 

sunspot activity does not necessarily result in significant solar flares.  Solar flares can 

vary significantly in their proton energy spectrum.  This, along with the inability to 

predict when a solar flare will occur, forces space system designers to use large estimates 

of potential flare activity [Ref. 2 pg 205]. 
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4. Galactic Cosmic Rays 

The third important source of radiation in the natural space environment is 

galactic cosmic rays (GCRs), consisting of mainly protons.  These energetic particles 

(energies as high as 10 GeV/nucleon) originate outside the solar system. These heavy 

ions deposit large amounts of energy and their damage is proportional.  It is important to 

note that ionization from GCR is a rare occurrence [Ref. 2 pg 205]. 

B. RADIATION DAMAGE MECHANISM 

Characterizing radiation damage mechanisms in a solar cell is extremely complex.  

Since the particles have mass, energy and possibly charge, they can interact in several 

ways with materials. The dominant interactions are [Ref. 1 pg 3.1-3.2]:  

1. Inelastic Collisions With Atomic Electrons. 

Incident energetic charged particles lose kinetic energy in the material.  In such 

collisions, electrons experience a transition to an excited state (excitation) or to an 

unbound state (ionization).  

2. Elastic Collisions With Atomic Nuclei.  

Energetic charged particles may have coulombic reactions with the positive 

charge of the atomic nucleus through Rutherford scattering. In some cases the amount of 

energy transferred to the atom will displace it from its position in a crystalline lattice. 

This energetic displaced atom may in turn undergo similar collisions with other atoms of 

the material. If sufficient energy is transferred to displace an atom from its lattice site, 

that atom will probably be energetic enough to displace many other atoms.  

3. Inelastic Collisions With Atomic Nuclei.  

In this process, the energetic proton interacts with the nucleus and leaves the 

nucleus in an excited or activated state. The excited nucleus emits energetic nucleons and 

the recoiling nucleus is displaced from its lattice site. This recoiling nucleus in turn 

causes more displacements.  
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C. IONIZATION AND DISPLACEMENT DAMAGE 

The discussion on damage mechanism clearly indicates that the major type of 

radiation damage of interest in solar cells is damage resulting from ionization and atomic 

displacement.  

 

1. Ionization Damage. 

Ionization occurs when a charged particle imparts energy to an atom and excites a 

valence electron to the conduction band. As a result electron-hole pairs are created which 

affect majority and minority carrier concentrations in the cell.   If an electric field is 

present, some electrons and holes immediately recombine with other atoms or become 

trapped in lattice defect sites [Ref. 2: pg 211].   

Another ionizing radiation affect is that it induces permanent interface traps.  

These traps can shift threshold voltages. They can also reduce carrier mobility, which 

affects device speeds [Ref. 2: pg 211].  

 Ionizing radiation reduces the transmittance in solar cell cover glasses.  Dark 

color centers develop from long-term effects. These color centers are the result of the 

ionized electron becoming trapped by impurity atoms in the cover glass.  These charge 

centers are relatively stable at room temperature [Ref 3].  Under normal circumstances, 

ionization itself does not impart any true damage to the structure of a solar cell. If the 

trapped charge could be removed, normal operation of the device would be reinstated.  

2. Displacement Damage 

Elastic and inelastic collisions with atomic nucleues are the primary mechanism 

for displacement damage.  Displacement damage occurs when particles knock atoms out 

of their proper crystal lattice locations creating defects in the crystal structure.  These, 

defects are in the form of interstitials and vacancies.  Interstitials are displaced atoms in 

semi-stable postition in the crystal structure.  The pairing of the interstitial and vacancy is 

called Frenkel defects.  These defect sites introduce additional energy levels into the 

energy band gap of the semiconductor. The introduction of these states alters the 

electrical properties of the device through four mechanisms [Ref. 8]:  
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• generation of electron-hole pairs (leading to thermal dark current 

in detectors);  

• recombination of electron-hole pairs (leading to reduction of 

minority carrier lifetime and effects);  

• trapping of carriers, leading to loss in charge transfer efficiency  

(minority carrier trapping) or carrier removal (majority carrier 

trapping);  

• compensation of donors or acceptors (also leading to carrier 

removal in some devices);  

Figure II-2 shows the defect mechanisms.  The overall affect of these additional 

states is the reduction in minority carrier lifetime in solar cells.   If the minority lifetime is 

reduced then the photocurrent is reduced in the solar cell. 

 
Figure II-2.  Four of the Primary mechanisms resulting crystal lattice defects: (a) 
Trapping, (b) recombination, (c) Generation, and (d) Compensation [From: Ref. 8]. 

a. Non-Ionizing Energy Loss (NIEL). 

Displacement damage is defined in terms of energy deposited as Non-

Ionizing Energy Loss (NIEL) with units of energy per unit mass (e.g. eV per cm2/ gm). 

Since the induced damage is a function of the particle nature and energy, the Non-

Ionizing Energy Loss (NIEL) is used as a parameter to correlate the effects observed in 

different radiation environments. When calculating the effect of such a broad particle 

spectrum, it is necessary to select a standard particle energy and assign to this a damage 
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effectiveness of unity. If the standard particle and energy chosen is 1 MeV electrons, then 

the functional damage due to a particle spectrum can be expressed in simple terms, using 

the unit equivalent 1 MeV electrons per cm2 [Ref. 7].   

 
D. MEASUREMENT OF RADIATION EFFECTS 

From the discussion above, displacement damage has a direct affect on minority 

carrier lifetime.  So, solar cell damage can be quantified in terms of the changes in the 

minority carrier lifetime. Chapter IV describes the inverse relationship of recombination 

rate to minority carrier lifetime.  The result is that the following equation can be used to 

quantify radiation damage to solar cell. 

( ) ( )1 1 1 1 1
e pe p

e p

K Kτ ττ τ τ τ τ0 0

 
= + + = + ×Φ + ×Φ   

        (2.1) 

 

Where τ is the minority carrier lifetime, τo is the initial minority carrier lifetime, τe is the 

minority carrier lifetime due to electron irradiation, τp is the minority carrier lifetime due 

to proton irradiation, Kτ is the damage coefficient (lifetime), and Ф is the radiation 

fluence [Ref. 1:pg 3-16].  This approach has its drawbacks.  First and foremost, 

measuring the minority carrier lifetime is not practical.  Although measuring the diffusion 

length is possible, correlating changes in diffusion length is not linear for electron and 

proton displacement damage.  The standard approach to quantifying radiation damage is 

observing changes in the electrical parameters used to characterize solar cells: short 

circuit current (ISC), open circuit voltage (VOC), and maximum power (Pmax).  The 

following equations show the empirical relationship describing the changes in the 

electrical parameters. 

(0) log 1SC SC
x

I I C
 Φ= − + Φ 

            (2.2) 

(0) log 1OC OC
x

V V K
 Φ= − + Φ 

         (2.3) 
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max max (0) log 1
x

P P H
 Φ= − + Φ 

           (2.4) 

Where C, K, and H are constants of proportionality, Ф x represents the radiation fluence 
at which Isc starts to change to a linear function of the logarithm of the fluence, and Ф is 
the radiation fluence (#/cm-2). 

 

 
E. PREVIOUS IRRADIATION RESEARCH 

Research has shown that the GaInP2/GaAs/Ge triple-junction cell radiation 

performance is limited by the GaAs middle cell.  This result was derived from comparing 

BOL quantum efficiency curves to EOL curves.  BOL and EOL quantum efficiencies 

were integrated using the following formula to calculate ISC.  Quantum efficiency will be 

discussed briefly in chapter four.  Figure II-2 shows the external quantum efficiencies of 

the GaInP2 and GaAs sub cells. 

(E) QE(E)SC sI q b dE= ∫           (2.5) 

 

Where bS is the incident photon flux of energy, E in the illuminating spectra, and QE is 

the quantum efficiency. The ratio of integrated current was 93% and 80% for the GaInP2 

and GaAs respectively.  So it is clear that the GaAs cell is the limiting cell [Ref.1: pg 49].  

The germanium (Ge) cell was not investigated because independent test showed that 

germanium�s maximum achievable current is much greater than cell 1 or 2.  Subsequent 

degradation would produce a relatively small change in quantum efficiency.  Table II-2 

shows the maximum achievable current for the sub-cells. 
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Figure II-2.  BOL&EOL External Quantum Efficiency of GaInP2/GaAs/Ge Triple 
junction cell [From: Ref. 26: pg 54]. 

Subcell Maximum Achievable Jsc 

(mA/cm2) 

1.86 eV InGaP2 
22.1 
 

1.42 eV GaAs 15.6 

0.66 eV Ge 42.4 

Table II-1.  Maximum achievable JSC for each subcell in an InGaP/GaAs/Ge triple 
junction Solar Cell [From: Ref. 24 pg 1]. 
 
 

1. Relative Damage Coefficients. 

There has been extensive research on Si and GaAs. Hence there are established 

relationships between NIEL and the damage coefficient.  In the case of p-type Si and 

GaAs cells, the electron damage coefficients are approximately proportional to the square 

of NIEL [Ref 3].   In the case of GaInP2/GaAs/Ge, the non-homogeneous design of the 

multi-junction does not lend itself easily to the NIEL concept.  The results are 

inconclusive at present for relating the damage coefficients in GaInP2/GaAs/Ge to NIEL. 

However a recent work by D.C. Marvin of the Aerospace Corporation has revealed 
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relative damage coefficients for power, voltage, and current in GaInP2/GaAs/Ge triple 

junction solar cells.  Table II-2 shows the ratio of the damage coefficient for 10 Mev 

protons to 1 Mev electrons.  The values have accuracies up to 5% [Ref 4 pg. 1105].  

These values will be used to equate the experimental data to 1 MeV equivalence.  The 1 

MeV equivalence can be calculated using equation 2.6. 

(1 ( )) (10 ( ))MeV e MeV pCΦ = ×Φ         (2.6) 

Where C is the relative damage coefficient, Φ(1MeV(e)) is 1 MeV equivalent fluence,  

Φ(10MeV(p) is the fluence of the proton. 

Cell Type Power Voltage Current 
Spectrolab 2J 492 759 412 
Spectrolab 2J EOL 800 833 863 
TECSTAR 3J 727 1235 489 
Spectrolab 3J 612 824 414 
Spectrolab 3J EOL 870 1020 565 

Table II-2.  Equivalent Fluence Ratio for 1 Mev Electrons and 10 MeV Protons 
[From: Ref 4 pg 1105]. 
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III. NPS LINEAR ACCELERATOR 

A. INTRODUCTION 

The Naval Postgraduate School electron linear accelerator (LINAC) was built in 

1965.  It is similar in design and function to the MK III traveling wave LINAC at 

Stanford University.  In fact, the NPS LINAC was constructed of material used in a 

prototype accelerator from Stanford University.  The accelerator consists of three ten-foot 

sub-accelerator sections (that also functions as wave guides) each powered by a 22 

Megawatts (peak power) klystron RF amplifier.  The RF pulse length is 3.5 microseconds 

and is cycled at 120 hertz.  Electrons can be accelerated up to 100 million electron volts 

(Mev) with an average electron current of 10 microamps. [Ref. 5: pg. 9&19].  A 

schematic of the NPS LINAC is found in Figure III-1. 

 

 

Figure III-1.  NPS Linear Accelerator [From: Ref. 7: pg. 57]. 

In this thesis the LINAC will be used to simulate the electron radiation 

environment that a multi-junction cell will experience in space.  So, the discussion of the 

LINAC will center on the theory and operation of the NPS LINAC that completes that 

objective.  Peripheral support systems will not be discussed. 
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B. THEORY OF PARTICLE ACCELERATION 

Charged particle (electrons and protons) motion is determined mainly by 

interaction with electromagnetic forces. The acceleration of charged particle is 

accomplished when kinetic energy is transferred to a particle by the application of an 

electric field.  A particle will accelerate in the presence of an electric field as shown in 

Figure III-2.  The voltage across the electrodes creates the electric field. So the 

acceleration is directly proportional to the voltage. 

 

Figure III-2.  Basic Particle Acceleration [After: Ref 31]. 

In order to properly simulate the radiation environment charged particles will have to be 

extremely energetic.  Based on the ideas shown in Figure III-2 increasing the voltage 

across the electrodes should accelerate the electron to the desired velocity.  This idea is 

not practical because at some point the air between the electrodes ionizes.  Since we 

cannot keep increasing the voltage to get the electron up to the desired velocity, we must 

investigate an alternate solution. The solution is that we give the electron a sequence of 

smaller pushes with manageable voltages. One way to accomplish this is to use a linear 

accelerator (LINAC).  

C. THEORY OF ELECTRON LINEAR ACCELERATION 

A LINAC is a type of particle accelerator in which charged particles are 

accelerated in a straight line.  In a LINAC, the electrons pass through a series of 

electrodes. If the electrons are to keep accelerating, they must always be leaving a 

negative electrode and heading towards a positive one. Therefore the voltages on the 

electrodes have to be switched over as the electrons pass through.  The switching has to 

be fast because the velocities of the electrons are approaching the speed of light.  Figure 

III-3 shows basic linear acceleration. 
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Figure III-3. Schematic diagram of linear acceleration [From: Ref. 31]. 
 

D. NAVAL POSTGRADUATE SCHOOL LINAC 

Now that we understand the basic theory of linear acceleration, the discussion will 

now center around the specifics of the Naval Postgraduate School LINAC.  The NPS 

LINAC is a traveling wave linear accelerator.  The basic theory of linear particle 

acceleration still applies, but an explanation is required to incorporate the traveling wave.  

This discussion will start with the electron beam injection and progress through the 

acceleration process and conclude with beam termination. 

 

1. Electron Beam Injection. 

The 80 kev electron gun provides a well formed pulse of electrons with a short 

build up and decay period and a relatively constant amplitude during the pulse.  Electron 

injection occurs during each klystron pulse [Ref. 6].  This provides a group of electrons 

that have a predictable and uniform energy spectrum.  Electrons from the gun are 

traveling at about half the speed of light and the wave in the accelerator the speed of 

light.  With this speed differential, the binding of the electrons to the electromagnetic 

wave is difficult, and a number of electrons from the gun are lost.  This problem is solved 

by the use of a pre-buncher and drift space.  The pre-buncher serves to slow down the 

electrons that are too far ahead in phase and speed up those that are behind.   The drift 

space then allows the velocity differential to spatially bunch the electrons prior to entry 

into the first sub-acceleration section where they are bound to the RF wave [Ref 5].  

Figure III-4 is a schematic of the Beam injection section  
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Figure III-4.  Prebuncher Assembly [From: Ref. 7: pg. 68]. 
2. Sub-Acceleration Section. 

Bunched electrons are accelerated in the copper structure of the accelerator 

section.  The accelerator has three sub-acceleration sections.  Figure III-5 is a schematic 

of one of the sections.  However, the electrons will not experience acceleration unless the 

phase of the electromagnetic wave is correct.  The electromagnetic wave that push the 

electrons in the LINAC are created by the microwaves from the klystrons in each of the 

three acceleration sections and are fed into the accelerator structure via the wave guides.  
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Figure III-5. Accelerator section.  Note: This is a schematic of an accelerator section 
from the MK III  LINAC at Stanford.  However, its functional design is identical to 
the NPS LINAC [From: Ref.6]. 

The wave has two areas of phase that will affect the acceleration of the electron.  

These areas correspond to the rising side and the falling side of the wave (Figure III-6).   

The rising side is said to be unstable because any particle (on the rising side) behind the 

correct phase point will continually fall behind gaining too little energy for acceleration.  

By the same token any particle ahead of the correct phase point will be continually ahead 

and will have too much energy.  The falling side of the wave is said to be stable because 

any electron ahead or behind the correct phase point will migrate back to the correct 

phase point.  Thus a stable phase relationship. [Ref. 5: pg 11].  
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Figure III-6.  Relative Phase of electrons. 

A common and simple analogy to describe this phenomenon is a surfer riding a 

wave (Figure III-7).  As long as the surfer stays on the crest of the wave he will continue 

to accelerate.  If he falls behind the crest he loses acceleration and eventually �wipes 

out.�   

   

Figure  III-7.   Surfer Analogy of Phase Stability [From: Ref. 6]. 
 

 

3. The Deflection System. 

The final component of the accelerator is the deflection system shown in Figure 

III-8.  The accelerated electron beams exits the third sub-accelerator section and enters 

the collimator.  The collimator serves to produce an electron beam of low divergence. 

The first deflection magnet separates the various energies in the beam, so that the desired 

energy can be selected by the energy defining slits. This magnet also serves to deflect the 

electron beam so that the counting equipment is not in line with the undesirable forward 

radiation of the electrons.  The second magnet focuses the beam onto the target. [Ref. 5: 

pg 23]. 
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Figure III-8.  The Deflection System [From: Ref. 7: pg 75]. 
4. The Target Chamber. 

The electron beam terminates in the target chamber.  The second deflection 

magnet focuses the beam onto the target.  The target chamber is encased in concrete and 

cinder blocks to reduce radiation exposure.  The target chamber just like the entire system 

is under vacuum. The system is under vacuum first to allow the transfer of energy to the 

beam to be as efficient as possible. Secondly, wherever the beam is intended to travel or 

high field gradients are present, there has to be a vacuum present to prevent the ionization 

of air.  The ionized air would form a path to ground that would reduce the electric field. 

Observation and control of the experiment was accomplished using video cameras 

and DC motors to control the target station.  A phosphorous screen placed in front of the 

device under test assisted with imaging of the beam.  The electron beam causes the screen 

to become florescent, and the video image is recorded.  Imaging software and a personal 

computer creates a digital image. 
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The Secondary emission monitor (SEM), located at the back of the target 

chamber, was used to measure the fluence (#/area).  As the electron beam passes through 

the SEM, it causes a charge to accumulate on a capacitor. The capacitor is connected to 

digital voltage integrator in the control room. The total charge accumulated on the 

capacitor is determined by using the relationship.  

Q C V= ×            (3.1) 

     

 

Where Q represents the total charge, C is the value of the capacitor, and V is the 

measured voltage across the shunted capacitor. Since we know that  

 

Q n q= ×             (3.2) 

 

Where q is the charge per electron and n is the total number of electrons. Then the 

theoretical number of electrons that are passed through the SEM can be calculated as  

 C Vn
q
×=            (3.3)                                   

The SEM in the NPS LINAC is only 10% efficient.  Therefore, the total number of 

electrons can be expressed as:  

.1
C Vn
q

×=
×

           (3.4) 

The beam fluence is usually represented as number of particles per unit area.  Thus we 

get the following relationship:  

.1
Beam C Vn
Area q A

×Φ = ÷ =
× ×

        (3.5)
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IV. SEMICONDUCTOR PHYSICS 

A. INTRODUCTION 

The photovoltaic effect is the basic physical process through which 

semiconductor material converts sunlight into electricity. In order to completely 

understand this phenomenon we must first examine a few principles of semiconductor 

physics.  Some of these principles will be illustrated using silicon, a Group IV elemental 

semiconductor. 

 

B. CRYSTAL STRUCTURE 

A semiconductor is made up of a lattice of atoms linked together through covalent 

bonding.  A silicon atom has 14 electrons in three different shells.  The inner two shells 

are full, but the outer shell (valence shell) is only half-full.  This outer shell contains only 

four electrons when it could hold as many as eight.  A silicon atom with four surrounding 

atoms will share each of its four outer electrons with each of the four neighbors to 

complete the valence shell.  This sharing of electrons is called covalent bonding.  Each 

silicon atom in the lattice has its own four outer electrons and one extra electron from 

four neighboring atoms, making a total of eight electrons. The lattice structure created 

from this arrangement is called the diamond lattice.  The diamond lattice or Zinc-blende 

structure is the typical lattice for most mass produced semiconductors.  The Zinc-blende 

crystal lattice structure results from Group III and V compounds that exhibit 

semiconductor properties.  Figure IV-1 illustrates both the diamond and Zince-blende 

lattice structure. 
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Figure  IV-1.  Diamond and Zinc-blende Lattice Structures [From: Ref. 9 pg 10]. 

A semiconductor is a material whose conductivity exists somewhere between that 

of electrical insulators and conductors.  The ability of a material to act like a 

semiconductor is based on the crystal structure. According to the quantum theory, the 

energy of an electron in the crystal must fall within well-defined states. These states vary 

from a ground state to an excited state.  The energies of valence electrons in the ground 

state are called the valence band. The excited stated is the conduction band.  The 

separation between the valence and conduction band is the energy gap or band-gap. 

Electrons cannot exist in the band-gap, also knows as the forbidden zone.  

The width of the band-gap (Ec - Ev) is usually denoted by Eg (band-gap energy).  

Band-gap energy defines the minimum amount of energy required to free an electron 

from the outer valence of an atom. All materials based on their atomic structure have 

specific band-gap energies.   It has been determined experimentally that Eg depends on 

temperature (T).  The following expression shows that relationship [Ref 10 pg 6]:  
2

( ) (0)g g
TE T E

T
= −

+
α
β

        (4.1) 

Where Eg(0), α and β are the fitting parameters. Table IV-1 shows the fitting parameters 

that would be used to calculate the band-gap of selected material. 

 Ge Si GaAs 
Eg(0) (eV) 0.7437 1.166 1.519 
α (meV/K) 0.477 0.473 0.541 
β(Κ) 235 636 204 

Table IV-1. Parameters used to calculate the band-gap energyof germanium, silicon 
and gallium arsenide (GaAs) as a function of temperature [After: Ref. 10]. 
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It must be noted that semiconductor crystal structures have extremely complex energy 

bands and are not fully described in this thesis. The simplified band diagram of Figure 

IV-2 was sufficient for this thesis. 

 

 

Figure IV-2.  Energy diagram of semiconductors with intrinsic, n-type and p-type 
properties [From: Ref. 14: pg 10] 
C. CONDUCTION 

Conduction in a semiconductor occurs when an electron transitions from the 

valence band to the conduction band.  And from the discussion above, it is clear that 

conduction in a semiconductor is temperature dependent.  In order for electrons to cross 

the energy gap, they must acquire sufficient energy, energy greater than the band-gap 

energy.  When the electron is elevated to the conduction band it leaves a hole.  A hole is 

positive charge carrier. Thus we have electron-hole pair generation. The electron and 

holes are the charge carriers and current flow is a result of their motion.   

It is now important to distinguish between the two cases of intrinsic (pure) and 

extrinsic (doped) semiconductors.  In a pure semiconductor at T = 0 K (Kelvin), all states 

in the valence band are occupied, and there are no electrons in the conduction band. As 

the temperature is increased some electrons are excited into the conduction band. Each 

electron excited into the conduction band leaves behind a hole in the valence band.  Since 

the material is pure there are no excess charge carriers.  So, there are equal numbers of 
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electrons and holes in the material. Since there are no excess charge carriers, there is no 

motion of the electron hole-pairs generated.  Therefore, there is no resulting current.  

Extrinsic semiconductors are pure materials doped with impurities. Donor 

impurities add electrons, and since electrons are the majority carriers, the material is 

called n-type. Donor impurities have levels close to the conduction band and donate 

electrons to that band.  Acceptor impurities accept electrons so that additional holes are 

formed.  Positively charged holes are the majority carriers, so the material is p-type. The 

localized impurity levels are close in energy to the valence band. Since the acceptor 

levels are close to the valence band, the majority of those levels are occupied by holes.  

Figure IV-2 shows a band diagram for a n and p-type semiconductor. 

Extrinsic (doped) semiconductors are important to solar cells because they have 

an increased number of positive and negative charge carriers.  Increased carrier 

concentration, in general, increases the current capability of the solar cell.  Also, the extra 

loosely bound electrons are advantageous because they are freed more easily. They are 

free to stimulate and perpetuate the formation of electron-hole pairs.   
 

D. THE P-N JUNCTION 

The operation of solar cells is based on the formation of a p-n junction. The p-n 

junction is formed by an interface of p-type and n-type semiconductor materials.  At the 

junction, the electrons diffuse across the junction into the p-type region where hardly any 

electrons are present. Simultaneously, holes diffuse across the junction into the n-type 

region. The electrons that are diffusing from n to p leave behind uncompensated donor 

ions ( +
dN ) in the n material, and holes leaving the p region leave behind uncompensated 

acceptors ( −
aN ).  The diffusion of electrons and holes continue until the p-region displays 

a negative charge and the n-region displays a positive.  At this equilibrium state, there 

exist a built in electric field which is caused by the fermi energy difference between the 

n-type and p-type semiconductors [Ref. 9 pg 46]. The electric field will act as a potential 

barrier and give the p-n junction diode its principal characteristic, rectification. The p-n 
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junction will only permit significant conduction in one direction.  A significantly large 

voltage would have to be applied in order to overcome the repulsion of charges.  

The region deplete of mobile charge carriers is known as the depletion region.   

The region contains the ionized acceptors and donors at the edges of the n-type and p-

type regions respectively.  The depletion width (W) can be determined with the following 

expression [Ref 11 pg 146]: 

2
1

112
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        (4.2) 

Where ε, q are constants and Na, Nd represent concentration of acceptors and donors.  Vo 

is the potential difference that builds up between the n-type and p-type layers.  The width 

of the depletion region can be changed by applying an external voltage across the 

junction.  Figure IV-3 diagrams the p-n junction. 

 

 

 

Figure IV-3.  P-N junction and band diagram [After: Ref. 11 pg 143]. 
 

E. SOLAR CELLS 
1. Photovoltaic (PV) Effect 

Sunlight is composed of photons, or particles of solar energy. These photons 

contain various amounts of energy corresponding to the different wavelengths of the solar 

spectrum. When photons strike the material, they can be reflected, absorbed, or they may 

pass right through the cell. Only the absorbed photons, photons with energy (hν) greater 
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than the Eg of the semiconductor, can be converted into electricity by the solar cell.  The 

photon energy is described by equation 4.3.  Table IV-2 lists the properties of some 

common solar cell semiconductor materials. 

1.24ν = =
λ λ(µm)
ch h  × ×  

         (4.3) 

Where h is Plank�s constant, ν is the frequency of the photon, c is the speed of light, and 

λ is photon�s wavelength. 

The absorbed photons promote electrons from the valence to the conduction band. 

Since holes are left behind in the valence band, the absorption process has generated 

electron-hole pairs.  Electrons created by light in the p-type material migrate to the 

junction and are then swept across the p-n junction into the n-region. The holes created in 

n-type material are likewise swept into the p-region.  The passage of these excess charge 

carriers, known as minority carriers (electrons in the p-region, holes in the n-region) 

creates a photocurrent and voltage difference at the solar cell terminals.  Although there 

is a tendency for the electrons and holes to recombine, ideally most of them will only 

recombine when passing through an external circuit outside the material because of the 

internal potential energy barrier. Therefore, if a circuit is made, power can be produced 

from the cells under illumination, since the free electrons have to pass through the load to 

recombine with the positive holes. 

The continuous generation of electron-hole pairs is the crux of conversion of light 

into electricity.  So it should be apparent that the process is not a singular event.  The 

incoming photons keep the process going by continually creating new electron-hole pairs.  

Figure IV-4 shows the PV process. 
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Figure IV-4.   Electron-Hole Creation from Light. 
a. Recombination and Carrier Lifetime 

The passage of minority carriers across the junction prevents electron-hole 

recombination.  The minority carrier must be within a minority carrier diffusion length of 

the junction to be swept across the junction. The minority carrier diffusion length 

represents the average distance minority carriers can diffuse into a collection of majority 

carriers before recombination [Ref. 9: pg. 131].   Thus a photo-generated electron in p-

region has a limited lifetime in the presence of the stable population of holes but an 

unlimited lifetime after crossing the junction into the n-type material.  The lifetime (τ) of 

the minority carrier is the average time an excess minority carrier will exist in the 

presence of majority carriers [Ref. 9: pg. 124].  The rate at which electrons and holes 

combine is given by the following equations: 

Re
τ τ
p ncombination = =! !          (4.4) 

Where τ is the carrier�s life time, and ∆p and ∆n are the deviations in the carrier 

concentrations from their equilibrium values [Ref. 9: pg. 115]. 
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Material Energy gap (eV) Type of gap 
crystalline Si 1.12 Indirect 
Ge  0.67  Indirect  
amorphous Si 1.75 Direct 
CuInSe2 1.05 Direct 
CdTe 1.45 Direct 
YP  1.00  Direct  
GaAs  1.43  Direct  
Ga0.69Al0.31As  1.66  Direct  
In0.496Ga0.504P  1.93  Direct  
In0.5Al0.5P  2.30  Direct  
ZnSe  2.58  Direct  

Table IV-2.  Properties of Several Semiconductors [After: Ref. 12]. 
 

F. SOLAR RADIATION 

The air mass number determines the length of the path 

that the sunlight takes through the atmosphere.  As the 

length of that path increase the spectral irradiance 

decrease.  The spectrum of sunlight outside the earth's atmosphere spectrum is 

referred to as the Air Mass Zero (AM0) spectrum.  The AM0 spectrum closely fits the 

spectrum of a black body at 5800 K. The total power density is 1353 W/m2 or 135.3 

mW/cm2 [Ref 7]. AM0 is the spectral irradiance solar cells experience in space.  So, the 

SS-1000 solar simulator must emulate the spectral irradiance of the sun.  The sun�s 

spectral irradiance at various air masses is shown in Figure IV-5.   
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Figure IV-5.  Sun�s Spectral Irradiance at Various Air Masses. 

G. SPECTRAL RESPONSE 

The spectral response of a photovoltaic device is a measure of the photo-

generated current at a specific wavelength.  The measurement of the wavelength 

dependence of the photocurrent is valuable not only as a characterization technique, but is 

essential for understanding current generation, recombination, and diffusion mechanisms 

in photovoltaic devices. Any change in the material properties or in the electronic 

structure of the device that affects these mechanisms will be reflected in the spectral 

response curve. The spectral response gives insight to how efficient incident photons 

generate electron-hole pairs in a semiconductor and a subsequent measurement can 

quantify degradation affects.  Figure IV-6 is the external quantum efficiency 

measurement of a GaInP/GaAs/Ge multi-junction solar cell as reported by the National 

Renewable Energy Laboratory (NREL). 
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Figure IV-6.  External QE of a GaInP/GaAs/Ge tandem solar Cell. The dotted line: 
1995 results; The real line: 1996 results [From: Ref. 15:pg 3] 

1. Spectral Response Measurement 

In a spectral response (SR) measurement, the generated current, as a function of 

irradiated power and wavelength is measured. The spectral response of a solar cell can be 

used to calculate the quantum efficiency (ηq). The ηq is the number of generated 

electrons per number of incident photons, as a function of wavelength [Ref. 13: pg 5]: 

ph 0
q= 0

0

I Iη  where φ
φ hν

=          (4.5) 

where Iph is the magnitude of the photocurrent produced, •0 

is the incoming photon flux density, Io is the incident light density per unit 

area, h is Planck's constant and • is the frequency of the incoming photons. 

Due to equipment limitation the spectral response was not determined 

experimentally.  The concept is included to ensure a complete understanding of the tools 

used to characterize and analyze solar cells.  The measured spectral response can be used 

to calculate the ISC as shown in chapter two.  Hence can be used to assess induced 

degradation. Figure IV-7 shows a schematic of a spectral response measuring system 

using light biasing.  References 17 and 25 provide a more in depth explanation of spectral 

response measurement for multi-junction solar cells. 
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Figure IV-7.  Setup for Measuring the Spectral Response of a Solar Cell [From: Ref 
17]. 
H. SOLAR CELL PARAMETERS 

Solar cells are characterized by quantities extracted from the cells� current-voltage 

(IV) curve.  A typical current-voltage curve is shown in Figure IV-8. The important 

operational parameters of the solar cells:  

1.  Open circuit voltage (VOC) is the threshold up to which the junction will power an 

electrical load and so convert light into electricity. 

2.  Short circuit current (ISC ) is the current value at zero bias. 

3.  Maximum current and voltage (Imp ,Vmp ) are the values for I and V when most power 

is delivered:   

M mp mpP I V= ×            (4.5) 
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Figure IV-8.  IV Curve and Electrical Parameters. 

4.  The fill factor (FF) is a measure how square the I-V curve is and hence how efficient 

the power extraction can be. The fill factor is defined as: 

100M

OC SC

PFF
V I

 
= × × 

          (4.6) 

5.  The figure of merit for solar cell performance is the conversion efficiency (η), defined 

as: 

100OUT

IN

P x
P

η
 

=  
 

          (4.7) 

135.3
MP

A
η  =  × 

          (4.8) 

Where 135.3 mW/cm2 is the solar constant at AM0 and A is the surface area of the cell in 

cm2. 
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V. MULTIJUNCTION SOLAR CELLS 

A. INTRODUCTION 

The light from the sun is made up of a range of wavelengths and corresponding 

photon energies.  The efficiency of single junction cells is partially limited by the 

inability to fully utilize the multiple photon energies in the incident wave.  Since 

electrons in the cell�s material need a specific energy to overcome the band gap, an 

incident photon must have that same specific energy to free the electron from its binding.  

Photons with energies greater than the band gap, the fraction of energy greater than the 
band gap is lost as heat.  Photons with energies less than the band-gap pass through the 

material without generating electric power. 

Once single-junction devices have been optimized for materials composition and 

quality and best device structure and processing, there are essentially two ways that solar 

cell efficiency can be substantially increased. One approach is to use concentrator solar 

cells.  Concentrator solar cells uses lens or mirror to concentrate the intensity of the 

sunlight striking the cell. The concentrated sunlight has the affect of increasing the open 

circuit voltage (VOC), short circuit current (ISC) and the fill factor (FF) thus the efficiency 

[Ref. 18: pg 933].  

The next approach was to develop multi-junction solar cells that can utilize the 

total solar spectrum with different wavelengths. Solar cells are stacked with respect to the 

energy gap of the semiconductor. Multi-junction cells are also called tandem cells.   

There are two types of multi-junction cells:  a mechanically stacked tandem cell 

and a monolithic tandem cell.  A mechanically stacked tandem consists of individually 

grown cells that are stacked and connected by transparent glue Figure V-1.  A monolithic 

tandem cell consists of multiple cells in which all cells are grown on top of each other in 

one growth-run connected by tunnel junctions.   Monolithic two-terminal tandems are 

the preferred design because of ease in compatibility in current systems both power 

generation and manufacturing.  The cells under study in this thesis are monolithic tandem 

cells.  



 36 

 

Figure V-1.  Mechanically Stacked Tandem Cell [After: Ref. 18]. 

The multi-junction cell has more than one p-n junction, and different 

semiconductor materials are used to absorb different wavelengths of light.  The cells are 

stacked with respect to the energy gap of the semiconductor as shown in Figure V-2. 

Large energy gap cells are located on the top of the multi-junction cell and smaller 

energy gap cells are built toward the bottom. The first layer of solar cells absorbs the high 

frequency light and allows the lower frequency light to pass through to the bottom solar 

cells. In order to fully understand the monolithic multi-junction cell we must expand the 

discussion of the p-n junction to include the tunnel junction. 
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Figure V-2.  A multi-junction device is a stack of individual single-junction cells in 
descending order of band gap (Eg). The top cell captures the high-energy photons and 
passes the rest of the photons on to be absorbed by lower-band-gap cells [From: Ref. 15]. 
B. TUNNEL JUNCTION 

The purpose of tunnel junction diodes is to monolithically interconnect cells of 

different band-gaps in series.  So, the voltages of the cells are additive and the current is 

constant.  The tunnel junction is a highly doped (in both the p and n region) p-n junction. 

The current-voltage characteristics (Figure V-3) of the junction show a peak and a valley 

in the forward direction due to the appearance of a negative resistance region (between 

points A and B) based on quantum tunneling [Ref. 19].   
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Figure V-3. The current and voltage characteristics of a tunnel  junction [From: 
Ref. 19]. 

 Quantum tunneling is the process by which a particle tunnels through a potential 

barrier (forbidden zone) to the other side.  This phenomenon, as the name suggest, is only 

possible in quantum physic and not applicable in classical physics.  However, according 

to classical physics, the particle�s energy remains constant and neither the particle nor the 

potential barrier is damaged [Ref. 9: pg. 268-269].  Quantum tunneling is possible 

because the very high impurity density creates a junction depletion region so narrow that 

both holes and electrons can transfer across the p-n junction (Figure V-4).  

 

Figure V-4.  General Visualization of tunneling [From: Ref. 9: pg 269]. 
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The requirement for high efficiency in a multi-junction solar cell dictates that 

tunnel junctions have minimum electrical and optical parasitic losses.   To this end, the 

resistance of the tunnel junction must be small so as not to increase the overall series 

resistance of the device.   Next, the current density at the valley (Jv) must be higher than 

short-circuit current density (Jsc) of the multi-junction solar cell.  This criterion ensures 

that the I-V curve for tunnel junction does not appear in the IV curve for the overall solar 

cell, thus reducing the fill factor [Ref. 20:  pg. 1185].  

In order to prevent optical power losses the tunnel junction cannot be 

photoconductive.  The junction must allow the photons required for the sub-cells to 

propagate through the tunnel without being absorbed.  Thus materials with wide band 

gaps are ideal for tunnel junctions.  The thickness of the junction is constructed as thin as 

possible to further reduce the absorption of incident light.  

 

C. LIMITS TO ACHIEVING THEORETICAL EFFICIENCY 

Multi-junction solar cells achieve the high conversion efficiency by stacking cells 

made of semiconductor material with different band-gaps. Theoretical analysis indicates 

that the optimum efficiencies for multi-junction solar cells can reach as much as 41% 

[Ref. 21]. Theoretical efficiencies for multi-junction solar cells are shown in Table V-1. 

Device AM0 

1 Sun 

AM1.5 

500 Suns 

2 Junction 31% 36% 

3 Junction (with Ge) 35% 42% 

3 Junction (with 1-eV) 38% 47% 

4 Junction 41% 52% 

Table V-1.  Theoretical Efficiencies for Multi-Junction Solar Cells [From: Ref. 21]. 

The state-of-the-art solar cell for space power is the monolithic GaInP2/GaAs/Ge multi-

junction solar cell with an efficiency of 26.8%.  If the optimum band-gaps could be 
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utilized, the production efficiency could approach theoretical values. Figure V-5 shows 

optimum band-gaps and resulting efficiencies.   

 

Figure V-5.  Theoretical Efficiencies and Optimum Band-gaps [From: Ref. 
22]. 

Unfortunately, no group of materials satisfies both the lattice-match and optimum 

band-gap requirements.  Silicon and the III-V materials have crystalline structures and it 

is impossible to grow a robust structure of one crystalline material on top of another 

unless they have very similar lattice constants.  The lattice constant defines the distance 

between the atoms in the structure. If the two crystalline materials lattice constants match 

within 2%, then very thin layers of one material can be grown on the other material. If, 

the match between lattice constants exceeds 2% or thick layers are grown, the strain 

between the material results in defects in the material [Ref. 23: pg 2].  Figure V-6 shows 

band-gap energy and lattice constants of various semiconductors at room temperature. 
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Figure V-6.  Band gaps and lattice constants semiconductor materials [From: Ref. 
10].  

Another constraint related to the lattice match is the current matching between 

sub-cells.  In a multi-junction solar cell, each junction generates current from a specific 

wavelength of the incident light.  The current depends on the spectral response and 

thickness of each junction.  Table V-2 shows the maximum achievable short circuit 

current for each sub-cell of an InGaP/GaAs/Ge triple junction solar cell [Ref. 24: pg 1].  

Since, the cells are connected in series, the current value must be the same for all cells. 

The cell thickness has to be adjusted to generate equal currents, since the total current 

equals the lowest generated individual current.  Current mismatches will result in 

efficiency losses. 
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Subcell Maximum Achievable Jsc 

(mA/cm2) 

1.86 eV InGaP 22.1 
 

1.42 eV GaAs 15.6 

0.66 eV Ge 42.4 

Table V-2. Maximum achievable JSC for each subcell in an InGaP/GaAs/Ge triple 
junction Solar Cell [From: Ref. 24: pg 1]. 
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VI. EXPERIMENT 

A. INTRODUCTION 
The investigation and interpretation of the damage mechanism from electron 

irradiation in Spectrolab�s GaInP2/GaAs/Ge triple junction cell is the purpose of this 

thesis.  Electrical characteristics were measured before and after irradiation to determine 

degradation of electrical parameters.  This chapter will provide a description of the test 

cell, equipment, test procedure and test plan. 

 
B. GAINP2/GAAS/GE TRIPLE-JUNCTION SOLAR CELL 

The state-of-the-art solar cell for space power is the monolithic GaInP2/GaAs/Ge 

multi-junction solar cell.  The cell�s lattice matched material, high efficiency, and 

radiation hardness makes it ideal for space application.  The material composition was 

chosen for their lattice constant match rather than their optimum ability to convert the 

solar spectrum.  Table VI-1 shows the lattice properties and energy band gaps of the solar 

cell�s material.  The Ge sub-cell is not the optimal bottom cell as discussed in chapter V.  

A sub-cell of approximately 1ev would be ideal to efficiently convert the solar spectrum.  

Currently, there is not a lattice-matched material with a band gap of 1ev.   The n-on-p 

design enhances the radiation hardness of the solar cell because with an n-on-p design the 

minority carrier diffusion lengths are longer after irradiation.  Specifically, a multi-

junction cell with a BOL efficiency of approximately 26% when radiated with 1x 1015 

e/cm² 1 MeV equivalence, results in an EOL efficiency of 21%.  
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Figure VI-1. Spectrolab GaInP2/GaAs/Ge Triple-Junction Solar Cell [From: 
Appendix A]. 

 
Material Lattice Type Lattice 

Constant (Ẵ) 
EG  
(eV) 

GaInP2 Zinc Blende 5.65 1.86 
GaAs Zinc Blende 5.65 1.42 
Ge Zinc Blende 5.66 .6 

Table VI-1.  Lattice Properties of Solar Cell Material. 
C. SPECTRAL CORRECTION 

Analysis of current-voltage (IV) characteristics is one of the most important 

diagnostic measurements used to characterize solar cells. In order to get accurate 

measurements under simulated conditions, the spectral irradiance of the simulator must 

be accurately represented.  The most common technique to ensure the proper spectral 

irradiance, involves a calibrated reference cell and spectral mismatch factors between the 

test and reference cell and the source and reference spectrum.  If the spectral response of 

the reference cell matches that of the test cell, accurate IV measurements can be made 

with the SS 1000 simulator.  However, if a spectral a mismatch exists between the 

reference cell and the test cell (i.e., reference cell is silicon and the test cell is GaAs), an 

error is induced which is proportional to the deviation of simulator�s spectral irradiance 

from the standard solar irradiance.   The spectral mismatch factor M is given by [Ref. 27: 

pg 1097]: 
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Where: 

SRr (λ) = Measured spectral response of reference cell (A/W) 

SRtst (λ) = Measured spectral response of test cell (A/W) 

Ec (λ) = Measured spectral irradiance of calibration spectrum (Wm-2nm-1) 

Er (λ) = known spectral irradiance of reference spectrum (Wm-2nm-1) 

When a spectrum mismatch exists the simulator�s intensity is adjusted according to the 

following: 

rc
rr

II
M

=              (6.2)   

Where: 

Irr   = Reference cell corrected Isc for desired (reference) spectrum (A) 

Irc   =  Measured Isc of reference cell for calibration spectrum (A) 

However because of the non-linear nature of multi-junction solar cell, current 

voltage measurements under AM0 conditions cannot be calculated directly from 

measurements under non-AM0 conditions using spectral-correction methods [Ref. 28: pg 

158].  Therefore the most direct method to ensure accuracy of measurements is to match 

the simulator�s irradiance as close as possible to AM0 conditions through design and 

adjustment.  Furthermore, the reference cell should match the spectral response of the test 

cell. 

Reference cells are radiometers used for measuring illumination levels when 

characterizing solar cells.  By quantifying the amount of light reaching a test device, they 

enable the light-to-electricity conversion performance of solar cells to be measured and 

compared.  A reference cell�s calibration specifies the magnitude of the electrical signal it 

produces when the cell is illuminated with light of a particular spectral and total 
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irradiance.  The data for the reference cell under AM0 condition is shown in Table VI-2.  

The current an power values were divided by the area in the experimental procedures  to 

get current and power densities. 

 
Parameters Value 

(units) 
Voc  2.517 [V]  

Isc 62.1 [mA]  

Efficiency 23.84 

PM 129 [mW] 

Fill 
Factor(FF) 82.53 

VM 2.193 

VM 59 [mA] 

Table  VI-2. Calibration Cell Photovoltaic Parameters [From: Appendix A]. 
 

D. SOLAR SIMULATOR 

The simulator used in this research was an Optical Radiation Corporation model 

SS-1000.  The SS-1000 uses a xenon bulb that closely approximates the spectral 

distribution of sun light under AM0 conditions as shown in Figure VI-2.  The entire 

simulation and test set-up consists of the SS-1000, a Hewlett-Packard programmable 

power supply (HP 6626A), vacuum assisted/ temperature controlled brass test block, and 

a personal computer with an HP-IB interface card running LABVIEW software. Figure 

VI-3 shows the experimental set-up. 
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Figure VI-2. Xeon Arch Lamp and the Sun's Spectrum at AM0 Conditions [From: 
Ref 1: pg 2-5]. 

 

 
Figure VI-3.  Solar Simulation Set-up 
 

E. SOLAR SIMULATION SYSTEM 

The SS-1000 illuminates the cell under test.  Since VM, IM, and ISC all vary as a 

function of temperature, the cell was mounted on a water-cooled brass block, cooled by a 

constant temperature water re-circulator.  The vacuum pump attached to the test block 
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ensures that the cell maintains proper thermal and electrical contact.  A digital multi-

meter is connected directly to the test block to monitor Voc or Isc of the cell under test. 

The HP 6626A programmable power supply was used to both sink and source 

current to the cell under test.  During cell illumination, the generated current is sunk into 

the power supply.  The power supply also provides a variable voltage for Voc and a four 

volts bias to the test cell�s voltage output.  The bias voltage is needed because the HP 

6626A cannot measure below four volts. The 4 volts must be subtracted from the 

measured voltage when processing data.  Figure 3 shows the wiring diagram of the test 

cell and HP 6626A programmable power supply.   

A Pentium based personal computer (PC) provided experiment control using the 

LabView� Version 5.0 software.  LabView� is a virtual instrumentation program that 

allows precise control of the represented test instrument.  The instrument represented and 

controlled was the programmable power supply. The computer was connected to the 

programmable power supply via an IEEE-488 General Purpose Interface Bus (GPIB) 

[Ref 3, pg. 5].  During cell illumination, LabView� increments the power-supply 

voltage from zero volts to the point where the load creates a virtual open circuit, Voc.  

Note: the point at zero volts corresponds to the short circuit current (Isc).  The voltage was 

incremented in .005 volts steps.  The test cell�s output voltage and current were measured 

at each interval and stored in a data file.  LabView� also uses the data to plot and 

display an IV curve in the active window. 

F. CALIBRATION PROCEDURE 

Calibration of the SS-1000 was accomplished by mounting the reference cell onto 

the test block.  The reference cell used was a GaInP2/GaAs/Ge cell manufactured by 

Spectrolab.  The cell was chosen to match the spectral response of the cells being 

investigated in this thesis.  The cell was then illuminated with a Xeon lamp in the SS-

1000 simulator.  The lamp�s intensity was set by adjusting the three focus adjustments 

that control the X, Y, Z positioning of the lamp so that the short circuit current of a 

calibration cell was identical to that measured under AM0 conditions (TableVI-2). Fine 

intensity adjustments were made by adjusting the lamp voltage.  
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Figure VI-4.  Schematic of Test Cell and HP6626A [After: Ref. 29: pg 4]. 
 

Once the simulator was adjusted to AM0 conditions with respect to the reference 

cell, an IV curve was generated for the reference cell and used for comparison.  A 

calibration check will be run at the beginning and ending of a data set.  A data set 

includes the beginning of life (BOL) test and the test after each stage of radiation. 

G. RADIATION PROCEDURES. 

Accelerated electrons from the NPS LINAC will be used to irradiate Spectrolab�s 

GaInP2/GaAs/Ge triple-junction solar cells. The density profile of the electron beam in 

the LINAC is Gaussian.  A digitized image of the electron beam is shown in Figure VI-5.  

The imaging of the beam was accomplished using video cameras and software installed 

in an IBM computer.  Since the beam is Gaussian, the electron distribution can be 

determined.  However, the digitized beam profile is the beam striking the phosphorous 

screen not the target.  Thus the actual distribution of electrons per unit area is in question.  

The solution was to manipulate LINAC current, target distance and exposure time to get 

the Gaussian beam to essentially cover the target.  An EXCEL program created by 

Professor Todd Weatherford was used to optimize these parameters to achieve a 

distribution of the beam in electrons/cm2.  The program calculates both beam distribution 

on the target and compares it to the phosphorus screen.  Plots generated from the EXCEL 
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program demonstrating the electron beam distribution and target are shown in Figure VI-

6.  The program called �Beam Profile� is included as Appendix B. The voltage equation 

3.4 from the LINAC chapter was also used to calculate the exposure time required to 

accumulate the required fluence. 

.1
C Vn
q

×=
×

           (6.3) 

Where C is the capacitance of the shunted capacitor and SEM(η) was 10%.  This 

calculation serves as a comparison to the Beam profile program. 

The standard dose for assessing electron damage to a solar cell is a fluence of 

1x1015 electrons/cm2.  The resulting degradation to cell output power is appreciable.  The 

appreciable degradation allows for unambiguous comparison thresholds when comparing 

pre-irradiated data to irradiated data. 

H. TEST PLAN  

The electrical characteristics of the multi-junction cells were measured to 

establish their pre-irradiation electrical parameters. Table VI-3 shows the BOL 

parameters for the cells investigated in this thesis.  IV curves for the BOL are located in 

Appendix C. 

The cells were to be irradiated with 90 Mev electrons and total fluence of 1x1015 

electrons/cm2.  The electrical characteristics were to be measured at intervals of 1x1014 

electrons/cm2 of irradiation. These characteristics were to be plotted as curves of 

electrical degradation vs fluence.  Due to the LINAC malfunctioning, the irradiation was 

not completed.  There was data for only one value of fluence at 5x1014 electrons/cm2.  

The irradiation data is presented in section VI-I.  The EOL IV curves resulting from the 

data is located in Appendix C.  
Cell 

# Voc 
Isc 

(mA/cm2) 
Pm 

(mW/cm2) FF Eff (%) 
MJ1 2.5843 15.16625025 32.85700116 83.83141 24.28455 
MJ2 2.5824 14.5962495 32.27815442 85.63354 23.85673 
MJ3 2.5814 14.8925 33.27353817 86.55179 24.59242 
MJ4 2.5748 14.77124975 32.89446825 86.48925 24.31225 
MJ6 2.5852 15.2749995 33.2726225 84.2581 24.59174 

Table VI-3.  BOL Parameters for Test Cells. 
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Figure VI-5.  Density Profile Plot of the LINAC Electron Beam 
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Figure VI-6.  Gaussian Electron Beam Distribution and Target 
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I. ELECTRON IRRADIATION TEST RESULTS 
 

In this test we irradiated test cell #4.  The electron energy and fluenced used in 

this test were 90 MeV and 5x1014 e/cm2, respectively.  The IV results for the irradiated 

cells are summarized in Table VI-4.  The IV parameters with subscript 1, (ie.,VOC1), 

refers to BOL parameters.  IV parameters with subscript 2, refers to EOL parameters at a 

fluence of 5x1014 e/cm2.  As expected, ISC and VOC were degraded thus the efficiency 

(η).  Table VI-4 shows the ratios.  This type of degradation is representative of damage 

solar cells would experience when the cells transverse the outer Van Allen belt where the 

electrons energies are higher and more dynamic.  However, to make a conclusive 

determination concerning the degradation observed more data must be examined. 

VOC1 (V) VOC2 (V) Ratio ISC1 
(mA/cm2) 

ISC2 
(mA/cm2) 

Ratio 

2.5748 2.4083 .935 14.77124975 13.39375 .906 
      
FF1 (%) FF2 (%) Ratio η1 η2 Ratio 
86.48925 81.72 .94 24.3 19.5 .802 

Table VI-4.  IV Test Results for BOL and EOL. 
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VII. CONCLUSION 

Due to a malfunctioning electron gun, the NPS Linear Accelerator is not currently 

operational.  As a result, the radiation effects on the test cells could not be determined 

experimentally.   There was only one successful irradiation of cell number 4.  It was 

radiated with what was believed to be a fluence of 5x1014 e/cm2
.  The digitized beam 

profile, which is Gaussian, showed the distribution on the phosphorus screen not the 

target.  When the sigma of the beam was compared to the target area, the uniformity of 

the distribution was questioned as discussed in the experimental chapter.  The next 

intended step was to compare the 5x1014 e/cm2 data to subsequent run using the Beam 

Profile program to determine if the degradation was comparable.  As mentioned earlier 

the irradiation could not be completed due to equipment failure. 

Although the irradiation portion was not completed, there were some 

recommendations and observation worth noting.   The first recommendation is that the 

irradiation of the triple-junction cell be completed in subsequent thesis work.  

Secondly the solar cell simulation/testing equipment should include the ability to 

accomplish quantum efficiency measurements.  As pointed out in chapters two and four, 

the quantum efficiency measurement is an effective tool for characterizing and evaluating 

solar cells.   

The next recommendation is that the final results of this experiment and related 

thesis work be used to expand and improve the Silvaco model of the Multi-junction cell.  

Since the commercialization of this technology is relatively new, the Silvaco model is not 

yet complete.  Brenden P.  Lewis completed a Masters Thesis at NPS on the �Dark 

Current Analysis and Computer Simulation of Triple-Junction Solar Cells� in 1999.  This 

thesis did not include radiation effects.  A complete simulation of a space solar cell 

should include the ability to represent radiation effects.  Future work in this area should 

include a range of electron energies to further improve the modeling accuracy of 

radiation effects.  
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Finally, the only observation made concerned annealing.  It was observed that the 

cell number four experienced some annealing.  The IV curve showing this effect is 

located in Appendix C.  However, the question remains: was the annealing a result of a 

room temperature phenomenon or was it related to the current passed through the solar 

cell to affect the IV measurements?  Subsequent work should investigate annealing.  
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APPENDIX A.  MANUFACTURER�S DATA SHEET. 
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APPENDIX B.  BEAM PROFILE PROGRAM 
This appendix contains the input spread sheet for the Beam Profile program. 
 

Beam Profile Program
Inputs requested

diameter(mmsigma(mm)
50% profile amp. spacing (mm) diameter (phor. screen) 20 8.492569
Phosphor screen from focal point (mm, inches) 711.2 28

fluence  (e/cm2) required at device 1.00E+15
distance device from focal point (mm, inches) 2032 80
FWHM diameter at device, sigma (mm,mm) 55.286 23.475887

diameter(mmradius(mm)
requested device diameter to be irradiated (mm) 20 10

time exposure 180 minutes
3.00 hours

beam diameter at focal length (mm) 1
SEM distance from focal length (mm, inches) 381 15
Angle of beam from screen measurement (rad,deg.) 0.01336 0.76530
radius of FWHM at SEM 5.58929
ratio of target/device radius / SEM radius at FWHM 4.946

Uniformity at Device/Target radius (mm) diameter (mm)
calculate radius for 10% down from peak on target/dev 10.776 21.553
calculate radius for 20% down from peak on target/dev 15.683 31.366
Percent down from center to target edge 8.67% from peak

flux density (e/cm2*sec) needed on device 9.26E+10
flux (e/sec) needed on device diameter 2.91E+11
flux needed on SEM (e/sec)
ratio of target only flux to total flux at device 0.0867 8.67%
total beam flux required (e/sec) 3.35E+12
true current in beam (A) 5.396E-07 5.396E-01
SEM current required 0.000E+00 0.000E+00

Instructions
1) Put in device diameter (line 10) To improve uniformity place
2) type in phosphor screen to Focal pont distance (line 4) device further from
3) type in device to focal point distance (line 7) focal point
4) Put in required fluence (line 6)
5) guess run time (line 12)
6) measure FWHM diameter in mm (line 3) <- Is Area>Target!!!!, if not, widen beam focus (p
7) read SEM and Beam current needed (place aluminum layer in)

lengthen time to check beam current down
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APPENDIX C.  TRIPLE JUNCTION SOLAR CELL DATA PLOTS 
The data contained in this appendix is the BOL and EOL IV curves for the cells 

under investigation in this Thesis. 
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Figure VII-1. BOL IV Curve For Test Cell 1. 

Figure VII-2. BOL IV Curve For Test Cell 2. 
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IV Curve MJ3
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Figure VII-3.  BOL IV Curve For Test Cell 3. 

Figure VII-4.  BOL IV Curve For Test Cell 4. 
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